This paper describes creep-fatigue lives of Sn-3.5Ag lead-free solder at low temperatures. Since solders have lower melting temperature and electronic devices are often used at low temperature environment, it is effective for improving the fatigue life evaluating precision of solder joints to make clear the mechanical properties and creep-fatigue properties of solders at low temperatures. Cyclic push-pull fatigue tests with various strain waveforms were conducted at 253K and 273K to examine influence of strain rate and testing temperature on fatigue life of Sn-3.5Ag lead-free solder. Creep-fatigue lives under unsymmetrical full reversed strain waveform were smaller than that of symmetrical waveform at low temperatures. An application of five kinds of creepfatigue life evaluation parameters for electronic materials at low temperatures was also discussed. They are Linear Damage Rule, Frequency Modified Fatigue Life, Ductility Exhaustion Model, Strain Range Partitioning method and Grain Boundary Sliding Model. Grain Boundary Sliding Model, which has been proposed as a fatigue life evaluation parameter for Pb-content solders and lead-free solders at high temperatures, was a suitable parameter for the correlation of creep-fatigue lives of Sn-3.5Ag lead-free solder at low temperatures. Grain Boundary Sliding Model parameter predicted almost all of the experimental lifetimes within a small scatter conservatively.
Nomenclature

Introduction
Electronic devices such as a cell phone, personal computer and controller for automobile have many solder joints inside of these products. It is useful for guarantee electronic instrumental performance to know the fatigue and creepfatigue life of solder joints because solder joint parts undergo not only cyclic fatigue damage but also creep and creepfatigue damage due to complicated combination of power-on/shut-off and steady work in service. If solder joints would break and electronic signal would not be transferred to another chip due to cyclic fatigue and creep-fatigue damage, the electronic instrument makes no sense.
There are some research papers on cyclic fatigue test (Yoshioka, et al., 1990 , The Society of Materials Science, Japan, 2001, Taneda, et al., 1992a , Taneda, et al., 1992b , Yamamoto, et al., 1995 , Yamamoto, et al., 1997 , Chen, et al., 2006 , Nozaki, et al., 2008 , Zhu, et al., 2014 , creep rupture test (Takada, et al., 2000a , Takada, et al., 2000b , The Society of Materials Science, Japan, 2004 , Mahmudi, et al., 2007 and creep-fatigue test (Yamamoto, et al., 1997 , Shiratuchi, et al., 1999 , Yamada, et al., 2000 , Nozaki, et al., 2001 , Nozaki, et al., 2011 , Fakpan, et al., 2011 , Yamamoto, et al., 2012 of solders, but almost of them were conducted at room temperature or above it. The reason for there is little research paper on fatigue test of solders at low temperature is technical difficulty in testing at below the freezing point. Since solders have lower melting temperature and electronic devices are often used at low temperature environment such as space satellite, it is effective for improving the fatigue life evaluating precision of solder joints to make clear the mechanical properties and creep-fatigue properties of solders at low temperature, to make clear the temperature effect on creepfatigue life.
The objective of this study is to establish the creep-fatigue life evaluation method, which can correlate the creepfatigue life of Sn-3.5Ag solder at low temperature with a small scatter. Cyclic push-pull creep-fatigue tests were conducted using four types of strain waveforms at 253K and 273K. Suitability of some life evaluation parameters for Sn-3.5Ag solder at low temperatures were discussed.
Experimental procedure
Material tested in this study was Sn-3.5Ag lead-free solder of which chemical composition and heat treatment are listed in Table 1 . Figure 1 shows shape and dimensions of a specimen used in this study. The specimen was solid bar type with 10mm in diameter and 10mm in gage length, machined from huge size casted ingot, which has 40mm in diameter, in order to remove the influence of casting segregation. The specimen surface was polished with emery papers up to #1200 and buffed up with 1m alumina polishing suspension before test. The specimen was annealed at 0.87Tm for one hour before test to stabilize the microstructure of the solder, where Tm is a melting point temperature of the solder. The casting, the machining and the heat treatment conditions of the specimen were exactly followed to the testing standard of solders issued by The Society of Materials Science, Japan (The Society of Materials Science, Japan, 2000a, The Society An electric hydraulic tension-compression testing apparatus was used for creep-fatigue tests. An extensometer, which measures the axial displacement of the specimen along the gage length with linear variable differential transformer, was used to control the normal strains. We have to be careful attaching the extensometer to the specimen, because solder specimen is very easy to deform by even though small attaching force. Avoiding unexpected bending deformation of the specimen or unexpected crack initiation from the attaching point the author adapted a method which is recommended in the testing standard. That is, a small epoxy resin was piled up on the specimen and a small pit was made on it. The tips of the extensometer were attached to the small pit to measure the displacement of the gage length.
Creep-fatigue tests were conducted at 253K and 273K. Specimen was cooled by a cooling chamber and the variation of temperature along the gage length was within ±0.1K during tests.
Strain controlled creep-fatigue tests were conducted using four types of strain waveforms in order to examine the effect of strain rate on creep-fatigue lives ( Fig. 2 and Table 2 ). First waveform is combination of fast tension going strain rate and fast compression going strain rate (PP-test). Second is fast tension going strain rate and slow compression going strain rate waveform (PC-test). Third is slow tension going strain rate and fast compression going strain rate waveform (CP-test). Fourth is slow tension going strain rate and slow compression going strain rate waveform (CC-test). Strain rate 0.1%/s was used for fast going strain rate, 0.005%/s was used for slow strain rate.
Adapting some life evaluation parameters for creep-fatigue data, it is needed to separate an experimental total strain range into elastic, plastic and creep strain ranges. In order to separate the total strain range, a few rapid straining cycles were inserted in halfway of each creep-fatigue tests. Figure 3 shows an example of the hysteresis loop superposition method for creep-fatigue test. In this PC-test case, the total strain range is consisted of plastic strain range and creep strain range, the plastic strain range and the creep strain range are calculated as a segment FC and CD as shown in Fig.  3 , respectively.
The number of cycles to failure was defined as the cycle of 25 percent tension stress amplitude drop from steady state. Figure 4 shows the correlation of creep-fatigue lives of Sn-3.5Ag solder with total strain range, where circle symbols and square symbols indicate 253K data and 273K data, respectively. This result indicates that there is temperature effect on fatigue and creep-fatigue lives, 253K data have smaller lives than that of 273K. The larger stress amplitude due to larger flow stress at lower temperature (Hiyoshi, et al., 2009 ) might give more damage to the specimen.
Experimental results and discussion 3.1 Cree-fatigue lives at low temperatures
Creep-fatigue lives under unsymmetrical waveforms such as PC-test and CP-test are shorter than that of PP-test at 253K. Creep-fatigue lives under unsymmetrical waveforms at 273K are also shorter than that of PP-test. On the other hand, creep-fatigue lives of CC-test are almost same as that of PP-test at both 253K and 273K. Figure 5 depicts the relationship between creep-fatigue life ratio and strain waveform type, where the life ratio is the ratio of the creep-fatigue life to that of PP-test at same total strain range. Creep-fatigue lives of PC-test and CP-test were decreased as under the half of PP-test life, but creep-fatigue lives of CC-test are almost same to that of PP-test for both 253K and 273K. These results mean that unsymmetrical waveform give more damage to the specimen than symmetrical waveform test. As there was little life difference between PP-test and CC-test, the influence of strain rate on cyclic fatigue life is small for symmetrical waveform test, but the strain rate difference between tension going and compression going causes serious reduction of creep-fatigue life.
Creep-fatigue life evaluation at low temperatures
An application of five kinds of creep-fatigue life evaluation parameters for Sn-3.5Ag solder at low temperatures were discussed in this study. They are Linear Damage Rule, Frequency Modified Fatigue Life, Ductility Exhaustion Model, Strain Range Partitioning method and Grain Boundary Sliding Model. Since there are already lots of papers and experimental data on fatigue, creep and creep-fatigue for Sn-3.5Ag solder at 313K, material constant data at 313K (The Society of Materials Science, Japan, 2001, The Society of Materials Science, Japan, 2004a, Nozaki, et al., 2001 ) were used at first for comparing the relative ability of these life evaluation parameters. 
Linear damage rule (LDR)
An application of Linear Damage Rule (LDR) for creep-fatigue lives of Sn-3.5Ag solder at low temperatures is discussed in this section. LDR parameter is based on a thought that when a summation of both cyclic fatigue damage and creep damage of the material reach to critical value 1.0 the material would be failure. It is expressed as follows, Figure 7 shows the creep-fatigue life prediction results by using LDR f + c =1 parameter, which dashed line indicates a factor of 2 scatter band. It shows that almost all of the creep-fatigue lives such as PC, CP and CCtests are predicted conservatively, the scatter band factor is 2000 in conservative side. For PP-test, almost all of the data are correlated within a small scatter. The reason for large scatter in Fig. 7 is considered that material constant at 313K were used for low temperature life prediction. It is one of the life prediction improvement to use material constant and relationship equations at 253K or 273K. 
Frequency Modified Fatigue Life (FMFL)
In Frequency Modified Fatigue Life parameter (FMFL), fatigue damage and creep damage are estimated by the number of cycles and strain waveform frequency, respectively. The evaluation parameter is expressed as follows, Figure 8 shows the life prediction results by using equation (4). Almost all of the 253K data are predicted in a factor of 70 unconservatively. Especially, PC-test at 253K was a most unconservative prediction. Creep-fatigue lives at 273K are evaluated almost within a factor of 2 scatter band except PC-tests. The reason for large scatter in Fig. 8 is considered that material constant at 313K were used for equation (4). Using the material constant at lower temperatures might improve the FMFL life prediction as similar to the LDR life prediction. 
Ductility Exhaustion Model (DEM)
Ductility Exhaustion Model (DEM) is a parameter which divides total damage of a specific cycle into cyclic fatigue damage and creep damage in order to calculate the occupation ratio of creep strain and creep rupture ductility. This model is expressed as follows, In this equation,  c and Dc are separated into creep strain range and creep rupture ductility, respectively. Creep rupture ductility 0.43 for Sn-3.5Ag solder was reported (The Society of Materials Science, Japan, 2004a). NPP is a cyclic fatigue life of PP-test at same total strain range. Figure 9 shows the life prediction result by using equation (5). Using DEM parameter for Sn-3.5Ag solder, PP-tests at 253K are evaluated unconservative side slightly. PP-tests at 273K are evaluated very well in a factor of 2 scatter. On the other hand, for creep-fatigue tests, all of the data at 253K and 273K are evaluated in a factor of 8000 conservatively. These results mean that DEM parameter with 313K data is suitable for fatigue test with only fast strain rate waveform, but not suitable for the creep-fatigue life evaluation of 253K and 273K.
Strain Range Partitioning method (SRP)
Strain Range Partitioning method (SRP) is based on a thought that creep-fatigue life is predicted separating total strain range of a specific cycle into PP, PC, CP and CC strain ranges as follows,
Relationship between separated each strain range and life data are needed for adapting equation (6). These relationships for Sn-3.5Ag solder at 313K are reported in previous study (Nozaki, et al., 2001) as follows, factor of 8000 Figure 10 shows the life prediction result by using equation (7). 253K data are evaluated within a factor of 16 scatter band unconservatively. 273K data are evaluated within a factor of 2 scatter band except two PP-test data. Using the relationship between separated strain range and life at 235K or 273K might improve the SRP life prediction. Fig. 10 Life prediction results using strain range partitioning method. 
Grain Boundary Sliding Model (GBSM)
The 5th evaluating parameter is Grain Boundary Sliding Model (GBSM), the basic idea is that grain boundary sliding due to the strain rate difference between tension going and compression going causes fracture of the material. GBSM parameter for Sn-3.5Ag solder at 313K is already reported and expressed as follows (The Society of Materials Science, Japan, 2004a), 
In this equation, p   and c   are fast part strain rate and slow part strain rate of unsymmetrical strain waveform, respectively. Although tH is the strain holding time, its value is zero since this study did not insert any strain holding time. Exponent and coefficient of this parameter were given by experimental results (The Society of Materials Science, Japan, 2004b). Figure 11 shows the life prediction results by using equation (8). 253K data are evaluated within a factor of 2 scatter band and 273K data are evaluated conservatively. There is no data which is plotted in unconservative side. Above discussions clearly show that GBSM parameter have smallest scatter and make conservative evaluation for Sn-3.5Ag solder at 253K and 273K. These results proofed validity of GBSM parameter for Sn-3.5Ag solder.
Addition to these discussions, this study had tried to improve the precision of the evaluation by adopting the material constant at testing temperature for each creep-fatigue data. GBSM parameter is consisted of the relationship between inelastic strain range and failure cycles. These failure cycles are function of strain rate as shown in equation (8) . In order to obtain influence of strain rate and strain rate difference between tension going and compression going on failure cycles, this study draw Figs. 12, 13 and 14. Figures 12, 13 and 14 show relationship between inelastic strain range and failure cycles in PP-test at 253K and 273K, relationship between life ratio and strain rate ratio in PC and CP-tests, relationship between life ratio and strain rate in CC-test, respectively. Combining these relationships, GBSM parameter for Sn-3.5Ag solder at 253K and 273K are obtained as follows, Figure 15 shows the creep-fatigue life evaluation results for Sn-3.5Ag solder at low temperatures. Creep-fatigue lives at low temperature are evaluated conservative side with a small scatter. The scatter band was smaller than that of Fig. 11 which referred material constant at 313K. These results indicate that GBSM parameter is a suitable parameter for the creep-fatigue life evaluation of Sn-3.5Ag solder at low temperatures and reconfirm that material constant is an important factor for improving the creep-fatigue life evaluation. Figure 16 is photograph of surface view of specimen after the creep-fatigue tests at  total =1.0%, where the main crack is the crack more than 5mm in length and the sub-crack is that less than 5mm. In 253K PP-test, a main crack propagated in the perpendicular direction to the specimen axis. In 253K PC-test, a main crack propagated in the perpendicular direction to the specimen axis and sub-cracks in the same direction. Small buckling, which is considered that due to the accumulation of compression strain, was also observed. In 253K CP-test, there are no main crack but there are many sub-cracks. Surface of the specimen was uneven surface, which is considered that due to the grain sliding during test. In 273K PP-test, no main crack was observed. Many sub-cracks propagated in the perpendicular direction to the specimen axis. In 273K PC-test, buckling due to the accumulation of compression strain was observed clearly. Surface of the specimen was very uneven surface. In 273K CP-test, a main crack propagated in the 45-degree direction to the specimen axis and many sub-cracks propagated in the perpendicular direction to the specimen axis. In 273K CC-test, there was no main crack and surface of the specimen was smoother than that of PC or CP-test at same temperature. As mentioned above, specimen surface of PC and CP-test were uneven while PP and CC-test had smoother surface. These results indicate that grain sliding might occur easily at unsymmetrical waveform and GBSM parameter which takes account of these deformation is suitable for creep-fatigue life evaluation of Sn-3.5Ag solder. However, relationship between crack propagation behavior and creep-fatigue damage were not apparent now, more sufficient data analysis and crack observation are the subject of further study. 
Surface Crack Observation
Conclusion
Tension-compression creep-fatigue tests of Sn-3.5Ag lead-free solder were conducted at 253K and 273K. 1. Creep-fatigue lives at 253K were generally smaller than that of 273K. The bigger stress amplitude due to larger flow stress at lower temperature give more damage to the specimen. 2. Unsymmetrical strain waveforms which include slow strain rate such as PC-test, CP-test had smaller fatigue lives than that of PP-test at 253K and 273K. But there was no clear creep-fatigue life difference between PP-test and CCtest. It indicated that strain rate difference between tension going side and compression going side give more damage to the specimen. 3. Grain Boundary Sliding Model, which takes account of strain rate differences between tension going and compression 10mm going was a suitable parameter for the correlation of creep-fatigue lives for Sn-3.5Ag solder at 253K and 273K. The parameter predicted almost all of the 253K and 273K experimental lifetimes conservatively with a small scatter.
